Mitzner W, Fairweather D. Testosterone and interleukin-1␤ increase cardiac remodeling during coxsackievirus B3 myocarditis via serpin A 3n. Am J Physiol Heart Circ Physiol 302: H1726 -H1736, 2012. First published February 10, 2012 doi:10.1152/ajpheart.00783.2011.-Myocarditis and dilated cardiomyopathy (DCM) are often caused by viral infections and occur more frequently in men than in women, but the reasons for the sex difference remain unclear. The aim of this study was to assess whether gene changes in the heart during coxsackievirus B3 (CVB3) myocarditis in male and female BALB/c mice predicted worse DCM in males. Although myocarditis (P ϭ 4.2 ϫ 10 Ϫ5 ) and cardiac dilation (P ϭ 0.008) were worse in males, there was no difference in viral replication in the heart. Fibrotic remodeling genes, such as tissue inhibitor of metalloproteinase (TIMP)-1 and serpin A 3n, were upregulated in males during myocarditis rather than during DCM. Using gonadectomy and testosterone replacement, we showed that testosterone increased cardiac TIMP-1 (P ϭ 0.04), serpin A 3n (P ϭ 0.007), and matrix metalloproteinase (MMP)-8 (P ϭ 0.04) during myocarditis. Testosterone increased IL-1␤ levels in the heart (P ϭ 0.02), a cytokine known to regulate cardiovascular remodeling, and IL-1␤ in turn increased cardiac serpin A 3n mRNA (P ϭ 0.005). We found that 39 of 118 (33%) genes identified in acute DCM patients were significantly altered in the heart during CVB3 myocarditis in mice, including serpin A 3n (3.3-fold change, P ϭ 0.0001). Recombinant serpin A 3n treatment induced cardiac fibrosis during CVB3 myocarditis (P ϭ 0.0008) while decreasing MMP-3 (P ϭ 0.04) and MMP-9 (P ϭ 0.03) levels in the heart. Thus, serpin A 3n was identified as a gene associated with fibrotic cardiac remodeling and progression to DCM in male myocarditis patients and mice. myocarditis; dilated cardiomyopathy; cytokines; sex differences MYOCARDITIS is a potentially life-threatening disease that is characterized by inflammation in the myocardium resulting in reduced systolic function that can progress to dilated cardiomyopathy (DCM) and heart failure in susceptible individuals (3). Around half of all DCM cases in the United States begin as myocarditis, with DCM being the most common form of cardiomyopathy requiring a heart transplant (39, 45). Myocarditis is considered to be an autoimmune disease that is caused or triggered by infections such as parvovirus B19, Borrelia burgdorferi, Trypansoma cruzi, or coxsackievirus B3 (CVB3) (5, 11, 17) . Similar to coronary artery disease and heart failure, myocarditis and DCM occur more frequently in men than in women (11, 38, 39) , but the reasons for the sex difference are not entirely clear.
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Sex differences in cardiovascular diseases have largely been attributed to the effect of the sex steroid hormones estrogen and testosterone (38) . A critical step in the progression from myocarditis to DCM and heart failure involves extracellular matrix (ECM) remodeling and fibrosis (21, 28) . Cardiac remodeling is defined as structural and functional changes in the myocardium that result in left ventricular (LV) dilatation leading to heart failure (21) . Alterations in the coordinated degradation and synthesis of ECM components such as collagen by matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) result in cardiac fibrosis (28) . Serpin A 3n (also known as ␣ 1 -anti-chymotrypsin) is a potent serine protease inhibitor of leukocyte-derived proteases that could influence ECM remodeling by altering MMP levels (25) . In animal models, testosterone has been found to enhance myocardial inflammation and ECM remodeling after myocardial infarction (6) , whereas estrogen is protective (36) . In patients with myocarditis, men were found to be two times more likely to present with visual evidence of myocardial fibrosis compared with women based on cardiovascular MRI (10) . However, the genes responsible for increased myocardial fibrosis in men were not investigated. Although a number of studies (12, 23, 42, 43, 46) have used genomic and proteomic strategies to identify gene/ protein changes associated with myocarditis and DCM in patients or mouse models, these studies did not investigate sex differences.
In this study, we used an autoimmune model of CVB3-induced myocarditis in mice (14) to examine the role of gene changes in the heart during acute myocarditis that were associated with worse severity or progression of disease in males. To translate findings from the mouse model to the clinical setting, we compared our data with two separate meta-analyses conducted on 11 individual microarray studies of DCM patients to identify genes in common. We found that one gene in particular, serpin A 3n, was associated with the progression to DCM in male patients and mice. Here, we show, for the first time, that serpin A 3n levels in the heart are increased by testosterone and IL-1␤ and that serpin A 3n induces cardiac remodeling and fibrosis during acute CVB3 myocarditis in mice.
METHODS
Ethical approval. All animal procedures were submitted to and approved by the Animal Care and Use Committee of the Johns Hopkins University.
Animal model. Male or female 6-to 8-wk old BALB/c (BALB/cJ, stock no. 000651) mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were maintained under pathogen-free conditions in the animal facility at Johns Hopkins School of Medicine.
Mice were inoculated intraperitoneally with 10 3 plaque-forming units of heart-passaged CVB3 (containing CVB3 and cardiac myosin) diluted in sterile PBS or PBS on day 0. CVB3 (Nancy strain) was originally obtained from the American Type Culture Collection (ATCC; Manassas, VA) and grown in Vero cells (ATCC), as previously described (14) . Individual experiments using 7-10 mice/group were conducted 3-4 times unless stated otherwise.
Histology. Hearts were cut longitudinally, fixed in 10% phosphatebuffered formalin, and embedded in paraffin for histological analysis. Sections (5 m thick) were stained with hematoxylin and eosin or with Masson's trichrome to detect inflammation or fibrosis, respectively. Myocarditis and fibrosis were assessed as the percentage of the heart section with inflammation or fibrosis compared with the overall size of the heart section using an eyepiece grid at low power (ϫ25), as previously described (9, 15, 16, 19, 37) . Collagen deposition using Masson's trichrome stains an intensely "baby blue" color compared with inflammation, which appears as dark blue.
Echocardiography. Cardiac function and ventricular dilation were assessed by transthoracic echocardiography (Acuson Sequoia C256, 15-MHz linear transducer, Siemens, Malvern, PA) in conscious mice, as previously described (9, 37) . The M-mode LV end-systolic crosssectional diameter was determined from an average of three to five cardiac cycles.
Gonadectomy. Male BALB/c mice were bilaterally gonadectomized (Gdx) or received a sham operation under ketamine (80 mg/kg)-xylazine (8 mg/kg) anesthesia (Phoenex Pharmaceutical, St. Joseph, MO), as previously described (19) . Testosterone (testosterone C-III, Sigma, St. Louis, MO) or control PBS capsules (5-mm capsules of testosterone powder) were implanted subcutaneously at the time of the Gdx operation for testosterone replacement, according to Ref. 29 . Sera levels of testosterone were 12-15 ng/ml per 5-mm capsule inserted. Two weeks after Gdx, mice received CVB3 (day 0), and hearts were obtained at day 10 postinfection during acute myocarditis.
Recombinant IL-1␤ or recombinant serpin A 3n treatment. Male BALB/c mice received 0.1 ml PBS or recombinant mouse IL-1␤/IL-1F2 (catalog no. 401-ML, R&D Systems, 7.8 ng/0.1 ml diluted in PBS) or serpin A 3n (catalog no. 4709-PI, R&D Systems, 10 g/ml diluted in PBS) postinfection every other day from day 1 to day 9 after infection with CVB3 on day 0, and hearts were collected on day 10 postinfection.
Plaque assay and cytokine measurements. Hearts were homogenized at 10% (wt/vol) in 2% minimal essential medium and individual supernatants or sera used in ELISA to measure cytokines or in plaque assays to determine the level of infectious virus, as previously described (15 ,16, 19, 37) .
RNA extraction. TRIzol reagent and the PureLink Micro-to-Midi system (Invitrogen, Carlsbad, CA) were used for the extraction and purification of RNA, as previously described (37) . Hearts were homogenized in 2 ml TRIzol reagent, and 1 ml of the homogenate was processed according to the manufacturer's protocol (Invitrogen). After elution of the purified RNA, quantification was performed using a NanoDrop spectrophotometer, and quality assessment was determined by RNA Nano LabChip analysis on an Agilent BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA). For each treatment group, processing and GeneChip analysis were performed in triplicate.
Real-time PCR. cDNA was generated using Multiscribe reverse transcriptase (Applied Biosystems, Foster City, CA). Gene expression was measured using assay-on-demand probe sets and the ABI 7000 Taqman system according to the manufacturer's instructions (Applied Biosystems), as previously described (37) . Hypoxanthine phosphoribosyltransferase was used for normalization.
Microarray. Processing and GeneChip analysis for microarray were performed on three heart samples for each treatment group (4 treatment groups/time point: PBS-treated uninfected males vs. females and CVB3-treated males versus females on days 10 or 90 postinfection). Heart RNA (100 ng) was processed for hybridization to Affymetrix Mouse Gene ST 1.0 microarrays using the Affymetrix GeneChip Whole Transcript Sense Target Labeling Assay, according to the manufacturer's protocol and a previously published method (Affymetrix, Santa Clara, CA) (37 Analysis of microarray data was performed with Partek Genomics Suite (GS) (version 6.4). Gene expression patterns for each gene were normalized to the median array intensity for all chips, and data from infected animals were normalized to uninfected PBS controls (37) . Microarray data were analyzed with Partek GS software by two-way ANOVA to look for significant differences between conditions (with sex and infection as factors), and P values and fold changes were then generated using Fisher's least-significant difference post hoc analysis for comparisons of diseased with undiseased or sex. False discovery rate corrections for multiple comparisons (Benjamini-Hochberg) were applied to reduce the total number of false positives. Genes were considered significant if they had a P value of Ͻ0.05. Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA) was used to generate network data by inputting microarray data analyzed with Partek GS. Ingenuity generates networks by identifying published gene relationships. Microarray data accession number. The Affymetrix gene expression data were deposited to the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo) under Accession Number GSE35182.
Meta-analysis comparison. We compared genes significantly altered in the myocardium of male mice during acute (day 10 postinfection) or chronic (day 90 postinfection) CVB3 myocarditis versus control undiseased male mice with myocardial genes found in a meta-analysis of seven microarray analyses by Asakura and Kitakaze (1) and a meta-analysis of four microarray analyses conducted by Barth et al. (2) . Both meta-analyses were conducted mainly on male patients with DCM versus control patients, and so we compared their gene lists with genes in the mouse that were increased in males with myocarditis versus PBS control males. Asakura and Kitakaze (1) identified 91 genes that were identified in 2 of 7 microarray analyses of DCM versus control patients. Barth et al. (2) identified 27 genes common to 4 microarray analyses of DCM versus control patients.
Statistical analysis. Data are expressed as means Ϯ SE. Normally distributed data comparing two groups were analyzed by Student's Fig. 2 . Cardiovascular remodeling genes increase during acute CVB3 myocarditis in male mice compared with undiseased control males. Male BALB/c mice were inoculated intraperitoneally with sterile PBS or CVB3 on day 0, and microarrays were conducted on individual hearts (n ϭ 3 hearts/group) on day 10 postinfection (A; acute myocarditis) or day 90 postinfection (B; chronic myocarditis/dilated cardiomyopathy). Ingenuity pathway analysis of microarray data revealed that a major gene network associated with acute CVB3 myocarditis was "cardiovascular disease, organismal injury and abnormality, and tissue morphology." Red/ pink and green represent genes significantly up-or downregulated during acute or chronic myocarditis compared with undiseased controls, respectively.
t-test.
Nonparametric data comparing two groups were analyzed using the Mann-Whitney U-test. Multiple comparisons were analyzed by two-way ANOVA with a Bonferroni correction. P values of Ͻ0.05 were considered significant.
Microarray data were analyzed with Partek GS software by two-way ANOVA to look for significant differences between conditions (with sex and infections as factors), and P values and fold changes were then generated using Fisher's least-significant P values compare fold changes in genes from microarray analysis of the heart of male BALB/c mice with acute coxsackievirus B3 (CVB3) myocarditis at day 10 postinfection with undiseased control males. Genes were found in the Ingenuity network of "cardiovascular disease, organismal injury and abnormalities, and tissue morphology." DCM, dilated cardiomyopathy. P values compare fold changes in genes from microarray of the heart of male versus female BALB/c mice with acute CVB3 myocarditis at day 10 postinfection. Genes were found in the Ingenuity network of "cardiovascular disease, organismal injury and abnormalities, and tissue porphology." difference post hoc analysis for the comparison of sex, as previously described (37) . False discovery rate corrections for multiple comparisons (Benjamini-Hochberg) were applied to reduce the total number of false positives. Genes were considered significant if they had a P value of Ͻ0.05.
RESULTS
CVB3 myocarditis, DCM, and fibrosis are more severe in male versus female mice; this is not due to cardiac viral replication. We have previously reported that male versus female BALB/c mice with acute CVB3 myocarditis (days 8 -12 postinfection) develop more severe inflammation in the heart, have a lower ejection fraction (45% vs. 60% at day 10 postinfection), and develop DCM and fibrosis by day 35 postinfection (14, 16, 18, 37) . The chronic stage of myocarditis/DCM occurs from day 35 postinfection to at least day 90 postinfection, but sex differences in the later stages of disease have not been previously examined. Here, we show that inflammation remained elevated in male versus female mice during the chronic stage of CVB3 myocarditis to at least day 45 postinfection (P ϭ 0.001 by t-test, P ϭ 4.19 ϫ 10 Ϫ5 by ANOVA; Fig. 1A ) and that male mice continued to have DCM at day 90 postinfection, as assessed by echocardiography examining the LV end-systolic dimension (P ϭ 0.008 by ANOVA; Fig. 1B) . Inflammation during the chronic stage of CVB3 myocarditis is associated with fibrosis, which is higher in males (14, 19) . Elevated myocarditis and DCM do not appear to be due to increased cardiac viral replication, because there were no significant sex differences in infectious virus levels in the heart or in viral clearance (Fig. 1C) . These results show that males have more severe myocarditis and progress to DCM and fibrosis, whereas females remain largely protected.
Most genes associated with cardiac remodeling in diseased males are expressed during acute rather than chronic myocarditis. To gain a better understanding of the cardiac remodeling gene changes that may contribute to the progression from acute CVB3 myocarditis to DCM in male BALB/c mice, we conducted microarray analysis of hearts during acute myocarditis at day 10 postinfection and chronic myocarditis/DCM at day 90 postinfection. We examined four groups for each time point: undiseased males versus females and diseased males versus females. Because males progress to DCM, we assessed gene changes that were associated with cardiac remodeling during acute ( Fig. 2A) or chronic (Fig. 2B) CVB3 myocarditis in males compared with undiseased control males ( Table 1) . Ingenuity pathway analysis of the microarray data revealed that a network of genes associated with cardiovascular remodeling were significantly up-or downregulated during acute CVB3 myocarditis (day 10 postinfection) compared with undiseased males [25 of 35 (71.4%) genes in this network; Fig. 2A ]. In contrast, only 2 of 35 (5.7%) genes in this cardiovascular remodeling network were upregulated during chronic myocarditis at day 90 postinfection in diseased males versus control males (Fig. 2B) . We verified increased gene expression in males by RT-PCR during acute CVB3 myocarditis for several genes shown in Table 1 Testosterone upregulates genes associated with cardiac remodeling during acute CVB3 myocarditis in males. To determine the effect of sex on gene expression during acute myocarditis, we analyzed our microarray data by comparing diseased males with diseased females at day 10 postinfection. Examination of the same cardiovascular remodeling network (Fig. 2) by sex revealed that 31 of 35 (88.6%) genes were significantly upregulated during acute myocarditis in diseased males versus diseased females (Table 2) . We verified increased gene expression in males compared with Fig. 3 . Testosterone increases tissue inhibitor of metalloproteinase (Timp1), serpin A 3n, IL-1␤, and matrix metalloproteinase (Mmp8) in the heart of male mice during acute CVB3 myocarditis. Male BALB/c mice received a sham operation and a control capsule without testosterone (Sham-Con mice), were gonadectomized and received a control capsule (Gdx-Con mice), or gonadectomized and received a testosterone replacement capsule (Gdx-Te mice). After recovering from the gonadectomy for 2 wk, mice received CVB3 on day 0, and the expression of cardiac remodeling genes was examined at day 10 postinfection by ELISA (pg/ml) or RT-PCR [relative gene expression (RGE)]. Data show means Ϯ SE; n ϭ 10 mice/group. *Gdx-Con or Gdx-Te mice compared with Sham-Con mice by Student's t-test; #Gdx-Te mice compared with Gdx-Con mice by Student's t-test; * or #P Ͻ 0.05; ##P Ͻ 0.01. The three groups were significantly different by two-way ANOVA for Timp1, serpin A 3n, and IL-1␤ ( †P Ͻ 0.05).
females by RT-PCR during acute CVB3 myocarditis for TIMP-1 (females: 2.1 Ϯ 0.3 vs. males: 7.3 Ϯ 1.1, P ϭ 0.02) and lipocalin-2 (females: 2.5 Ϯ 0.3 vs. males: 4.0 Ϯ 0.5, P ϭ 0.002), for example. Although by RT-PCR there were no sex differences in the remodeling gene IL-1␤, which is a part of the cardiovascular disease network (Fig. 2) , by ELISA males had greater IL-1␤ levels than females (females: 386 Ϯ 27 pg/g heart vs. males: 615 Ϯ 61 pg/g heart, P ϭ 0.009) (18) . In contrast, MMP-3 mRNA was significantly decreased in the heart of males compared with females with CVB3 myocarditis by RT-PCR (P ϭ 0.008). In general, male BALB/c mice had more upregulated genes associated with cardiovascular remodeling than female mice during acute CVB3 myocarditis.
To determine whether testosterone was responsible for elevating remodeling genes in the heart of males during acute CVB3 myocarditis, we performed gonadectomy on male BALB/c mice with or without testosterone replacement. We found that gonadectomy significantly decreased TIMP-1 (P ϭ 0.03), serpin A 3n (P ϭ 0.04), IL-1␤ (P ϭ 0.04), and MMP-8 (P ϭ 0.04) expression in the heart (Fig. 3) . Testosterone replacement in Gdx mice demonstrated that testosterone was responsible for increasing expression of these remodeling genes in the heart (TIMP-1: P ϭ 0.04, serpin A 3n: P ϭ 0.007, IL-1␤: P ϭ 0.02, and MMP-8: P ϭ 0.04; Fig. 3 ). In contrast, Gdx and testosterone replacement significantly decreased MMP-3 levels compared with sham controls (P ϭ 0.02; Fig. 3) . Analysis of the three groups by ANOVA revealed significant differences for TIMP-1 (P ϭ 0.04 by ANOVA), serpin A 3n (P ϭ 0.02 by ANOVA), and IL-1␤ (P ϭ 0.04 by ANOVA). Thus, we showed, for the first time, that testosterone elevates genes associated with cardiac remodeling in males during acute CVB3 myocarditis, including serpin A 3n. Shown is a comparison of genes found to be up-or downregulated in a meta-analysis of 11 separate clinical studies of patients (mainly men) with DCM that were compared with undiseased men (1, 2) versus male mice with acute CVB3 myocarditis compared with PBS-inoculated controls (day 10 postinfection). Fold changes and P values are for male CVB3-infected mice versus PBS-inoculated male mice at day 10 postinoculation.
Comparison of gene changes in male mice with CVB3 myocarditis versus control males to two meta-analyses of genes associated with DCM patients. Asakura and Kitakaze
(1) conducted a meta-analysis of 7 independent microarray analyses of the myocardium of acute (early stage) DCM versus control patients and identified 91 genes common to at least 2 of the 7 studies. Patients were described as having acute or early-stage cardiomyopathy if they had had symptoms for 6 mo or less (33) . In a separate study, Barth et al. (2) conducted a meta-analysis of gene changes in the myocardium of 4 independent microarray data sets of acute DCM versus control patients and found 27 genes common to all 4 studies. These meta-analyses did not distinguish by sex (or whether genes were up-vs. downregulated), but the individual studies reported that the majority of the patients were men. For this reason, we compared their findings to our male mice versus undiseased control males. To determine whether the gene changes that we observed during CVB3 myocarditis in mice were similar to microarray analyses of the myocardium of patients with DCM, we examined whether the 91 (1) and 27 (2) genes or 118 total genes identified in the two meta-analyses were significantly altered during acute CVB3 myocarditis (day 10 postinfection) or chronic DCM (day 90 postinfection) in males versus undiseased males. We found that 39 of the 118 (33.1%) genes identified in the meta-analyses of DCM patients were also significantly altered in the heart during acute CVB3 myocarditis (day 10 postinfection) in male mice compared with uninfected control males (Table 3 ). In contrast, only 13 of the 118 (11%) genes were significantly altered in the heart of mice during chronic myocarditis/DCM at day 90 postinfection (data not shown). Of note, serpin A 3n and adipocyte enhancer-binding protein 1 were identified in DCM patients (1, 2), were elevated in the heart of male mice with acute CVB3 myocarditis versus undiseased males (Tables 1 and 3), and were elevated in the heart of male versus female mice with acute CVB3 myocarditis ( Table 2) . However, serpin A 3n was not significantly altered during chronic CVB3 myocarditis/DCM in mice. Thus, ϳ33% of the genes that distinguish DCM patients from controls were significantly altered in the heart of male mice with acute CVB3 myocarditis, a time point when we found that most remodeling genes were altered (see Fig. 2 ). These data suggest that many of the DCM patients on which the meta-analyses were conducted represent acute, early-stage DCM rather than a later stage of disease.
Recombinant serpin A 3n induces cardiac remodeling and fibrosis during acute CVB3 myocarditis by decreasing MMP-3 and MMP-9 expression. Because serpin A 3n had been identified as increased in men with DCM and male mice with CVB3 myocarditis (Table 3 and Fig. 3) , we examined the effect of administering recombinant serpin A 3n versus PBS Fig. 4 . Recombinant serpin A 3n (rSerpin) promotes cardiac remodeling during CVB3 myocarditis. Male BALB/c mice received sterile PBS or CVB3 intraperitoneally on day 0, and serpin A 3n levels were examined in the heart by RT-PCR on day 2 (A) or day 10 (B) postinfection. Male BALB/c mice were inoculated intraperitoneally with CVB3 on day 0, and either sterile PBS or rSerpin (10 g/ml) was injected intraperitoneally every other day from day 1 to day 9 postinfection. Mice were examined at day 10 postinfection. C: summary of histology score (left) and representative hematoxylin and eosin staining for inflammation (purple; right). Magnification: ϫ64. D: percent fibrosis was calculated as the area with collagen deposition compared with the entire myocardial section using a microscope eyepiece grid. Masson's trichrome to detect collagen deposition (bright blue) showed areas of inflammation (E) or perivascular fibrosis (F). Magnification: ϫ250 in E and ϫ100 in F. E: small area of fibrosis (arrow) compared with nonfibrotic inflammation in PBS mice (left) versus widespread fibrosis associated with inflammation in rSerpin-treated mice (right). Data show means Ϯ SE of 10 mice/group in A-C, D, and G. *P Ͻ 0.05; ***P Ͻ 0.001.
intraperitoneally to male BALB/c mice on days 1, 3, 5, 7, and 9 postinfection and assessed acute CVB3 myocarditis at day 10 postinfection. Serpin A 3n-deficient mice have not been generated, and we could not find any previous studies that administered recombinant serpin A 3n intraperitoneally to rodents. We based the dose of recombinant serpin A 3n on a report (25) where recombinant serpin A 3n had been administered topically to mice during wound healing of the skin. We decided to administer recombinant serpin A 3n early after infection because we found that serpin A 3n mRNA was significantly upregulated in the heart as early as day 2 postinfection (Fig. 4A ) and remained elevated during acute CVB3 myocarditis at day 10 postinfection (Fig. 4B) . We found that the overall severity of acute CVB3 myocarditis (i.e., inflammation) was similar between PBS and recombinant serpin A 3n-treated mice (Fig. 4C) . Recombinant serpin A 3n administration also did not alter CVB3 replication in the heart at day 10 postinfection compared with PBS controls (data not shown). However, fibrosis was significantly elevated in the heart of mice treated with recombinant serpin A 3n (Fig. 4, D-F) . Areas of inflammation in recombinant serpin A 3n-treated mice stained bright blue using Masson's trichrome to detect collagen deposition (Fig. 4E, right) , which was not present in myocardial foci of PBS-treated mice (Fig. 4E, left) . The arrow shown in Fig. 4E points to a small area of fibrosis in PBS-treated mice in contrast to areas of inflammation largely devoid of fibrosis on the right side of the section. Note that immune cells stained dark blue using Masson's trichrome, but only the bright "sky blue" staining denotes collagen deposition (Fig. 4E) . Additionally, recombinant serpin A 3n-treated mice had more severe perivascular fibrosis than PBStreated controls (Fig. 4F) .
To assess how recombinant serpin A 3n affected cardiac remodeling, we examined TIMP-1, IL-1␤, MMP-3, and MMP-9 levels in the heart of recombinant serpin A 3n-treated mice versus PBS controls at day 10 postinfection by ELISA. We found that recombinant serpin A 3n did not significantly alter TIMP-1 or IL-1␤ levels in the heart but significantly decreased MMP-3 (P ϭ 0.04) and MMP-9 (P ϭ 0.03; Fig. 4G ). Because serpin A 3n is known to be expressed in tissues, the ECM, and immune cells (CD68 ϩ macrophages) (25, 27, 44) , we examined whether serpin A 3n was present in CD11b ϩ immune cells during myocarditis. Most of the immune cells in the heart of males express CD11b (18, 19) . We separated CD11b ϩ immune cells from other cells in the heart of male mice during acute CVB3 myocarditis using magnetic beads and compared mRNA levels in CD11b versus "other" cells by RT-PCR. We found that serpin A 3n was primarily expressed in other cell types in the heart during acute CVB3 myocarditis (CD11b: 1.92 Ϯ 0.92 relative gene expression vs. other: 22.53 Ϯ 5.51 relative gene expression, P ϭ 0.02). Here, we show, for the first time, that Serpin A 3n can contribute to cardiac remodeling in males during acute CVB3 myocarditis.
Recombinant IL-1␤ treatment increases serpin A 3n in the heart of male mice during acute CVB3 myocarditis. Because several studies (7, 35) have reported that recombinant IL-1␤ administration is able to increase the expression of serpin A 3n in the pancreas and astrocytes of rodents, we investigated whether recombinant IL-1␤ was able to increase serpin A 3n expression in the heart of male mice during acute CVB3 myocarditis. We treated male BALB/c mice with recombinant IL-1␤ every other day from days 1 to 9 after CVB3 injection and examined mRNA levels by RT-PCR at day 10 postinfection. We also examined the effect of recombinant IL-1␤ treatment on TIMP-1, MMP-3, MMP-8, and MMP-9 because these genes were increased by testosterone or altered by recombinant serpin A 3n administration (Figs. 3  and 4) . We found that recombinant IL-1␤ treatment did not significantly alter TIMP-1 (P ϭ 0.53), MMP-3 (P ϭ 0.94), MMP-8 (P ϭ 0.43), or MMP-9 (P ϭ 0.19; Fig. 5A ) but significantly increased serpin A 3n (P ϭ 0.005; Fig. 5B ) mRNA in the heart at day 10 postinfection. Thus, we show, for the first time, that IL-1␤ can increase serpin A 3n in the heart during acute myocarditis in male mice (Fig. 5B) . Fig. 5 . Recombinant IL-1␤ (rIL-1b) increases serpin A 3n levels in the heart of males during CVB3 myocarditis. A and B: cardiac remodeling genes were assessed by RT-PCR during acute myocarditis (day 10 postinfection) in male BALB/c mice that had been treated with recombinant IL-1␤ from day 1 to day 9 postinfection (n ϭ 10 mice/group). RGE, normalized to hypoxanthine phosphoribosyltransferase (HPRT), is shown as means Ϯ SE of 10 mice/group. **P Ͻ 0.01. Fig. 6 . Influence of testosterone (Te) on cardiac remodeling. Testosterone increases IL-1␤ and serpin A 3n levels in the heart during acute CVB3 myocarditis. IL-1␤ further elevates serpin A 3n levels, which contribute to cardiac remodeling and fibrosis by reducing Mmp3 and Mmp9.
DISCUSSION
The male sex is a major risk factor for the development of cardiovascular disease, including myocarditis and DCM (10, 11, 38, 39) . Findings from a recent prospective multicenter study (33) found that men with myocarditis or acute cardiomyopathy had worse recovery and survival than women. Numerous studies (12, 23, 42, 43, 46) have examined gene profiles associated with myocarditis or DCM in patients and animal models, but few have investigated sex differences in gene expression (22) . In animal models, testosterone has been found to enhance cardiac remodeling, whereas estrogen is protective, although the role of specific genes was not examined (6, 36) . In this study, we show, for the first time, that the expression of remodeling genes, such as TIMP-1 and serpin A 3n, occurs during acute myocarditis rather than during chronic myocarditis/DCM. This finding is important because it indicates the need to study remodeling changes in patients as early as possible in the disease process. This point was reinforced by our finding that 33% of genes in our mouse model of CVB3 myocarditis/DCM were associated with DCM patients who primarily had acute or early-stage DCM and were male (1, 2).
Another novel finding from this study was that testosterone increases genes associated with cardiac remodeling during acute CVB3 myocarditis, including TIMP-1, serpin A 3n, IL-1␤, and MMP-8. Previously, it has been shown using knockout mice that TIMP-1 exacerbates remodeling during CVB3 myocarditis by regulating MMP expression in the heart (13) . We are the first to show that testosterone increases TIMP-1 expression in the heart during CVB3 myocarditis in male mice. Elevated cardiac TIMP-1 mRNA levels have been found to correlate with LV fibrosis in patients with chronic pressure overload (24) , and elevated TIMP-1 levels in the sera predict the progression to heart failure in patients with coronary artery disease (31) . These findings indicate that TIMP-1 contributes to cardiac remodeling in males, resulting in the progression to chronic cardiomyopathy.
MMPs have also been linked to the development of DCM and heart failure (4, 32) . MMP-8 is a neutrophil collagenase that can be activated by MMP-3 (32) . Various MMPs are able to cleave pro-IL-1␤ to its active form. Cardiac IL-1␤ is increased by testosterone in males with CVB3 myocarditis (Fig. 3) , and we and others (9, (15) (16) (17) (18) (19) (20) have shown that IL-1␤ is a strong inducer of proinflammatory and profibrotic responses during CVB3 myocarditis. A previous study (8) found that MMP-8 deficiency in male mice with CVB3 myocarditis did not significantly alter acute inflammation, fibrosis, or viral replication in the heart. In contrast, MMP-9 deficiency resulted in increased CVB3 myocarditis, fibrosis, and viral replication in male mice (8) , indicating a protective role for MMP-9 during acute myocarditis. In this study, we found that MMP-9 was decreased in the heart after recombinant serpin A 3n administration, further suggesting a protective role for MMP-9 during myocarditis. In a separate study, Shen et al. (40) found that MMP-3 and MMP-9 levels were decreased when fibrosis was elevated during CVB3 myocarditis after treatment of mice with a hepatocyte growth factor inhibitor. Interestingly, we found that testosterone was responsible for decreasing MMP-3 expression in the heart of males with CVB3 myocarditis (Fig. 3) , further confirming the negative effect of testosterone on cardiac remodeling. Overall, these findings suggest that lower cardiac expression of MMP-3 and MMP-9 during acute myocarditis contributes to the ECM remodeling in males that leads to DCM (Fig. 6) .
We are the first to show that testosterone and IL-1␤ increase serpin A 3n levels in the heart of males during acute CVB3 myocarditis. Previously, IL-1␤ has been shown to increase serpin A 3n levels in the pancreas and astrocytes of rodents (7, 35) , but its effect on serpin A 3n levels in the heart had not been examined. Serpin A 3n is known to be expressed in the heart of undiseased wild-type mice and is also highly expressed in the testis (26) . It has been shown to protect Sertoli cells in the testis from granzyme B-mediated killing by immune cells (41) . Thus, it is probably not surprising that testosterone regulates serpin A 3n levels in the heart, which is the major sex hormone-producing organ aside from the gonads (30, 34) . However, our finding that administration of serpin A 3n increases remodeling during CVB3 myocarditis and alters MMP levels indicates that serpin A 3n is one of a panel of remodeling genes regulated by testosterone (i.e., TIMP-1, MMP-3, and IL-1␤) that induce ECM remodeling during acute myocarditis leading to worse progression in males (Fig. 6) . We found that IL-1␤ levels in the heart during CVB3 myocarditis are directly associated with inflammation (17, 18) , indicating that immune cells are the primary source of IL-1␤. Here, we show that during CVB3 myocarditis, serpin A 3n is primarily present in nonimmune cells. Thus, IL-1␤ production from cardiac inflammation likely increases testosterone-driven serpin A 3n production in the heart of males, further facilitating cardiac remodeling (Fig. 6) .
Thus, our findings suggest that the regulation of IL-1␤ and serpin A 3n by testosterone in the heart plays a major role in the progression of males from myocarditis to DCM. The significance of this finding is emphasized by the observation that serpin A 3n is not only elevated in males in our mouse model of myocarditis but is also elevated in the heart of patients with DCM. Importantly, these remodeling genes are upregulated during acute myocarditis, indicating a critical window for treatments aimed at counteracting the damaging effects of IL-1␤ (such as the IL-1 receptor antagonist Anakinra) and serpin A 3n in the heart of males.
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